Aircraft system noise predictions have been performed for NASA modeled hybrid wing body aircraft advanced concepts with 2025 entry-into-service technology assumptions. The system noise predictions developed over a period from 2009 to 2016 as a result of improved modeling of the aircraft concepts, design changes, technology development, flight path modeling, and the use of extensive integrated system level experimental data. In addition, the system noise prediction models and process have been improved in many ways. An additional process is developed here for quantifying the uncertainty with a 95% confidence level. This uncertainty applies only to the aircraft system noise prediction process. For three points in time during this period, the vehicle designs, technologies, and noise prediction process are documented. For each of the three predictions, and with the information available at each of those points in time, the uncertainty is quantified using the direct Monte Carlo method with 10,000 simulations. For the prediction of cumulative noise of an advanced aircraft at the conceptual level of design, the total uncertainty band has been reduced from 12.2 to 9.6 EPNL dB. A value of 3.6 EPNL dB is proposed as the lower limit of uncertainty possible for the cumulative system noise prediction of an advanced aircraft concept.
I. Introduction
he NASA Environmentally Responsible Aviation (ERA) Project has focused on developing and demonstrating technologies for integrated aircraft systems that could meet simultaneously aggressive goals for fuel burn, noise, and emissions [1] . The fuel burn goal is for a reduction of 50% relative to a bestin-class 2005 aircraft; the noise goal is 42 EPNL dB (Effective Perceived Noise Level) cumulative below the Stage 4 requirement; and the emissions goal is for a reduction of 75% in NOx (oxides of nitrogen) levels below the CAEP 6 (Committee on Aviation Environmental Protection) standard. The target date is 2020 for key technologies to be at a technology readiness level (TRL) of 4-6 (system or sub-system prototype demonstrated in a relevant environment). This timeline corresponds to a projected aircraft entry into service by 2025. These goals with the timeframe are defined by NASA with the term N+2, where N represents the current generation of aircraft technology in service today, and N+2 technology would be expected to be implemented in aircraft two product cycles from now. As are all the N+2 goal levels, the noise goal was intended as a significant technical challenge. Through the early research leading up to determining the goal level, it was thought that a configuration change would likely be necessary to enable achieving a significant noise reduction goal representing a step change in aircraft noise [2] . Thomas et al. [3] includes a description of the NASA research during [2003] [2004] [2005] [2006] [2007] that resulted in the calculation of 42 EPNL dB, based on several significant assumptions, as the potential low noise level achievable with a Hybrid Wing Body (HWB) aircraft concept. The study of Thomas et al. [3] and Czech et al. [4] became the first in a series of studies [5] [6] [7] during ERA to develop the HWB aircraft configuration including propulsion airframe integration, noise reduction technology, and the process by which higher fidelity noise assessments could be made with increasing confidence. This first ERA noise study [3 and 4] used the best NASA model in 2009 of a 300 passenger HWB with GE90-like engines. The combined experimental noise reduction technology and assessment study was focused on determining a technical strategy (including identification of the noise benefits of enabling technologies) to reach the noise goal and on acquiring the best available high quality data for shielding effects at the time [4] . Thomas and Burley [8] reported in 2009 the initial assessment result of 41.1 EPNL dB cumulative below the Stage 4 limit. Rigorous recalculation with exactly the same assessment information for subsequent publication in 2012 showed the final result to be 42.9 EPNL dB [3] . Since that time, two additional changes have been made to the final cumulative number. First, the correct weight was used to calculate the certification limit on approach and second, based on new knowledge [6] the landing gear noise was recalculated with the improved local velocity. As a result, the published assessment process in 2012 [3] will be used to represent the status of the noise assessment at the beginning of ERA in 2009, but the cumulative value for that 2009 study will be reported here as the corrected value of 42.4 EPNL dB cumulative below the Stage 4 limit.
During the final three years of ERA, 2013-2016, annual aircraft system level noise assessments have been conducted on a portfolio of aircraft concepts to demonstrate by analysis the performance of the integrated advanced vehicles and technologies compared to the original ERA N+2 goals. The aircraft concepts include a full range of technology assumptions deemed feasible for the 2025 timeframe and have incorporated the results of a series of experimental results produced by ERA projects with industry partners throughout the six years of ERA to advance the maturation of key technologies. Each annual assessment included refined aircraft models and new experimental inputs based on progress to date. Nickol and Haller [9] describe the modeling of the aircraft in detail and the fuel burn and emissions reduction assessment results at the conclusion of ERA in 2016. The 2013 assessment included an earlier iteration of the NASA HWB aircraft including GTF-like engines (geared ultra high bypass ratio turbofans). Compared to the original study [3] , the technologies and vehicle definition were more advanced and comprehensive by including the GTF engines, laminar flow drag reduction, and lighter weight structures among other technologies.
The 2013 ERA noise assessment relied entirely on prediction of the GTF-like engine source levels and ranking of sources. The assessed level of the HWB with GTF engines in this 301-passenger class was 49.2 EPNL dB below Stage 4. Thomas et al. [10] describes the final acoustic prediction method and resulting noise assessment results achieved at the conclusion of ERA. In these final ERA noise assessment results, the Hybrid Wing Body (HWB) aircraft with GTF engines reached a noise level of 40.2 EPNL dB cumulative below Stage 4 after an additional iteration compared to the results presented in [9 and 10] .
The purpose of this paper is to describe the progression from that first ERA noise assessment study in 2009, to the intermediate assessment in 2013, and then to the final study in early 2016. These three dates will be used in describing the progression of the ERA noise assessment through the six years of ERA. This description of the progression will include the vehicle technology, noise reduction approaches and the noise assessment prediction methodology. And finally, an uncertainty quantification process for aircraft system noise prediction will be proposed and applied to the ERA assessment results as they were calculated in 2009, 2013, and finally in 2016. The uncertainty calculated is that of the acoustic prediction only and not associated with the vehicle design. The progression of the uncertainty quantification results through ERA will be reported.
II. Progression of Hybrid Wing Body Aircraft Concepts
The HWB aircraft in the Large Twin Aisle (LTA) class, 301 passenger size, shall be the focus of this paper. During ERA, the HWB was designed for a 7500 nautical mile mission equivalent to a NASA model of the 777-200LR-like reference aircraft, including payload, range and reserve mission requirements. The NASA design and predicted performance of the HWB concept aircraft has developed over time based on improved models and test results obtained throughout the duration of ERA including information from industry partners. An overview of the HWB vehicle model results and performance used in this study is shown in Table 1 for the NASA models of the HWB in 2009, 2013, and 2016.
For the 2009 study, the Aeronautical Systems Analysis Branch of NASA Langley and the Propulsion Systems Analysis Branch of NASA Glenn Research Center modeled the HWB300 vehicle and the GE-90-like engine, respectively. Nickol and McCullers [11] describe the development of the HWB300 concept. The HWB300 instead uses an equivalent mission of the 777-200ER (with GE90-85B engines) reference aircraft, including payload, range and reserve mission requirements. The planform is based on the Boeing BWB-450 aircraft, but is scaled down to maintain consistency with the smaller payload of the HWB300. The HWB300 aircraft developed by Nickol and McCullers [11] was assumed to have a technology level consistent with a 2020 entry-into-service date. One of the primary purposes of the 2009 noise assessment study was to examine the configuration-dependent propulsion airframe aeroacoustic (PAA) integration impacts of an HWB concept. At the time, there was a major gap in the prediction capability and, therefore, uncertainty of these PAA effects and noise reduction impacts. The 2009 study was framed to compare the HWB relative to the conventional configuration 777-200ER-like reference aircraft and, therefore, equivalent technology levels were required. The advanced engine was replaced with the same GE90-like engines as the NASA 777-200ER-like aircraft model, and other advanced technologies such as advanced composites, advanced high-pressure hydraulics, variable camber, hybrid laminar flow and embedded boundary-layer ingesting inlets were removed from the model to create an HWB concept with identical mission, payload and technology level. The HWB300 GE90-like engines were scaled to achieve a minimum gross weight while meeting the same takeoff field length as the 777-200ER and meeting all requirements for second-segment and missed-approach climb gradients, resulting in an aircraft with a gross weight of 590,436 lb and sea-level static thrust of 81,298 lb per engine. The modeled results for the HWB300 used in the 2009 noise assessment with GE90-like engines are listed in Table 1 . As a result of the framework of the study, the 2009 HWB300-GE90-like vehicle model was not intended to represent a true N+2 vehicle or technology level other than the advanced HWB configuration itself. The use of GE90-like engines provided an insightful modeling framework to be able to focus on the propulsion airframe aeroacoustic (PAA) integration impacts of an HWB and to also develop the high fidelity noise assessment process. This process would be necessary later for the noise assessment of the ERA N+2 HWB concepts, as well as other advanced concepts. This framework was necessary for the accurate quantification and assessment of the PAA effects for the HWB. In addition, the 2009 study supported the development of a technical roadmap for the noise reduction approach necessary to achieve the N+2 noise goal. And finally, this study provided a specific technical roadmap that could have been used for a large-scale demonstrator test aircraft using off-the-shelf engines available during that time period.
Essential to the noise reduction approach of the HWB-2009 was the need to address the most significant noise sources. The engines were installed at a location upstream of the trailing edge of the HWB equivalent to two fan nozzle exit diameters and measured from the core nozzle exit plane to the trailing edge. This was done to provide significant noise reduction of aft-radiated engine noise sources; however, there was no aerodynamic analysis available at the time to guide this choice. Even with this location, the jet noise had to be reduced further because jet noise sources can be distributed many nozzle diameters downstream, depending on frequency. Based on extensive experimental study, the nozzle configuration of the HWB-2009 included advanced PAA chevrons and a crown pylon that extended the upper bifurcator downstream of the fan exit nozzle. This configuration reduced low frequency jet noise while redistributing, both axially and azimuthally, the peak jet noise sources so that the shielding noise reduction from the airframe aft of the engine would be much greater. An advanced duct acoustic liner concept was applied to the upper bifurcator walls. The concept of an aggressive main landing gear fairing was included. And given the low speed aerodynamic data available at the time, the approach speed was lowered to 115 knots. More details and context on the framework of the HWB-2009 study and the noise specific technologies included in the concept are found in [3, 4 and 6] .
During the final three years of ERA, the incorporation of N+2 technology and the modeling of the HWB advanced rapidly based on improved model development and industry partnership with NASA [11] [12] [13] [14] . As can be seen in Table 1 , the performance of the HWB vehicles improved with the introduction of a full range of N+2 technologies and as new results from research were incorporated over the final three years. These ERA vehicles were designed to simultaneously meet all three of the N+2 goals. NASA tools were used for the vehicle and engine modeling including Flight Optimization System (FLOPS) [15] , Modified Vortex Latice (MVL) [16] , Numerical Propulsion System Simulation (NPSS) [17] , and Weight Analysis of Gas Turbine Engines (WATE++) [18] . More details on how the tools were used for the ERA analysis are provided by Nickol and Haller [9] .
The airframe technologies included a lighter weight structure enabled by damage arresting composites, natural laminar flow wing and nacelle, and smaller vertical tails due to active flow control enhancements. An advanced high lift system was modeled including a Krueger leading edge enabling a laminar flow wing by providing protection from insect and debris accretion. The ultra high bypass ratio geared turbofan (GTFlike) engine architecture included technologies such as a low pressure ratio fan with short inlet, swept and leaned fan exit stators, a highly loaded high-pressure compressor, which enabled higher overall pressure ratios, and a low NOx (oxides of nitrogen) combustor. In addition to the direct and indirect impact on vehicle noise of these technologies, a set of specific noise reduction technologies was also considered. These included a soft vane technology, an acoustic liner integral to the fan exit stator vane, and a partial noise reduction fairing for the main landing gear.
The HWB-2013 was the first in the series of annual modeling updates during the final half of ERA and used the best available information at the time of each update. At the conclusion of ERA, Nickol and Haller [9] describe the modeling process for the HWB and GTF-like engines. The HWB with GTF-like engines in 2016 was resized and updated from the NASA initial design iteration in 2013 and incorporated the latest experimental results from the final years of ERA. Significantly, the cruise condition aerodynamic analysis and vehicle design work now required the engine location to be set at one diameter upstream of the HWB trailing edge beginning with the HWB-2013 onward. For the HWB-2016, a nacelle diameter constraint had been imposed on the engine also reflecting analysis of the interference drag at cruise conditions. Compared to the HWB-2013, the HWB-2016 moved the vertical control surfaces from the wing tip to the in-board location on the centerbody. The low speed aerodynamic performance of the HWB-2016 was also updated based on wind tunnel experimental results [19 and 20] . This new information had direct impact on the rigging of the leading edge Krueger flap to seal the Krueger at both approach and takeoff conditions. Furthermore, the approach speed was updated.
To summarize, Figure 1 shows the rendering of the quietest configuration from the HWB-2009 vehicle that was assessed at a margin of 42.4 dB below the Stage 4 limit. Figure 2 shows the rendering of the HWB-2013 vehicle that was assessed at 49.2 EPNL dB cumulative below the Stage 4 limit. And finally, Figure 3 shows the rendering of the HWB-2016 vehicle assessed at 40.2 EPNL dB cumulative below Stage 4. Table 1 has listed several of the design and performance parameters of each vehicle, all of which have an influence on the noise performance either directly or indirectly. Based on the brief discussion of each vehicle above, Tables 2 and 3 provide a summary of an additional number of important features, specific noise reduction technologies, or parameters that were included and that can be significant in understanding the noise assessment levels. However, for completeness it is important to note that not every parameter that can influence aircraft noise could be listed in this publication. 
Additional liner application/technology
Application on the upper bifurcator area
Over-the-rotor treatment with an assumed noise reduction equal to 1.0 EPNL dB at total engine level none
Soft stator vane acoustic liner none
Assumed noise reduction equal to 1.5 EPNL dB at total engine level Noise reduction from data at the spectral level 
III. Progression of the Noise Assessment Process
The overall ERA noise assessment process has used a similar approach for predicting the noise of advanced and unconventional aircraft as was established in the first assessment for the HWB-2009 [3] . The ERA noise assessment process includes utilizing the best noise assessment practices, databases, and methods developed at NASA over the previous decades for predicting community noise. A key aspect of this process has been to directly predict the effects of the propulsion airframe aeroacoustic (PAA) integration with an experimental data-based process. In addition, during the course of ERA, the noise assessment process has been continuously updated through increasingly detailed aircraft definition, component modeling improvements, incorporation of the latest information from the Integrated Technology Demonstration (ITD) experiments, and through improved vehicle design and flight path iterations with the aircraft modeling and propulsion teams. This section will describe the cumulative noise metric calculation and then describe how the overall noise assessment process has progressed during ERA.
An overview chart for the cumulative noise metric is shown in Figure 4 . Specifically, the noise metric for the 2025 aircraft models is certification community noise as defined in the Code of Federal Regulations (CFR) Title 14, Part 36. In order to obtain Federal Aviation Administration (FAA) certification, the noise of an aircraft must be below a defined level as measured according to the rules of Part 36. In the context of the research and technology maturation of integrated aircraft systems, the noise of ERA aircraft concept models is predicted according to the same Part 36 rules. Part 36 defines specific parameters for aircraft noise at each of three certification points. At each of the three certification points, the EPNL dB is predicted for the aircraft. Separate computations are performed to obtain each of the approach, lateral, and flyover EPNL noise levels. This procedure is consistent with previous assessments performed under NASA projects [3, 5-8, and 10] . After calculation of the EPNL dB at each of the three certification points, the cumulative (CUM) noise is the addition of the EPNL of the three points. Furthermore, the cumulative noise is referenced relative to the certification level required by the FAA in Part 36; the current regulation is termed Stage 4 and is a function of aircraft weight and the number of engines. In sum, the cumulative noise below Stage 4 is the final noise metric reported by ERA. 
A. HWB-2009 Noise Assessment Process
For the 2009 study, the first generation Aircraft NOise Prediction Program (ANOPP) was used, and the procedures, source models, and experimental information used are fully described in [3] . Figure 5 shows the overview of the process used. At the time that this study was formulated, it was deemed that a sufficient model of an ultra high bypass ratio geared type engine with associated engine source rank order (highest to lowest) and system noise prediction methods for these engine sources were insufficient or unavailable. Therefore, due to the importance of accurate engine source noise levels and ranking, this first study was setup to use the GE90-like engine. Typically, engine source noise is protected information by engine and aircraft manufacturers. Through years of assimilating GE90-like engine information (design, performance and noise data), a representative model of the engine cycle required for accurate noise source prediction was created for the study of [3] . The use of the GE90 engine noise information created high certainty for the engine noise levels and rank ordering and allowed the focus on the development of the data and technology for propulsion airframe aeroacoustic (PAA) interactions. The GE90 engine noise information together with noise certification information for the 777-200ER (reference aircraft for this study) was used in a multi-step process as described in [3] to establish the engine levels on the HWB-2009.
For the HWB, the PAA effects are a key to accurate system noise assessment. The HWB-2009 was the first assessment where high quality PAA data were available. The data used came from the PAA experiment in the Boeing Low Speed Aeroacoustics Facility (LSAF) documented in [4] , and the data was applied in the form of suppression functions [3, 7 and 10] . For the jet noise, the PAA data are high fidelity and at the relevant conditions and, therefore, the suppression functions applied are of high fidelity. For internal engine noise sources, ANOPP predicts the source noise (fan and core) levels and directivity for both tones and broadband noise. However, the suppression applied is that obtained from the experimental data using a broadband point source. While a significant component of engine noise is broadband, the suppression of tones may be different due to, at least, directivity and interference. The experimental data do include the important effect of forward flight to the suppression function, an effect not available previously. As a result, the use of a suppression function for the broadband source is a good approximation and the best available at the time of this study.
A final step in the prediction process is to check the rank ordering of the engine sources and the airframe sources by cross referencing with known sources of information as described in [3 and 10] . Even with excellent component level predictions, the ranking of sources may not be sufficiently accurate due to many issues. Most likely possibilities are multiple simultaneous effects stemming from some combination of PAA effects, flight effects, and the impacts of full-scale, full-fidelity implementation. For the HWB-2009, the engine rank ordering was accomplished with the process described above. An initial experiment of the HWB airframe with a conventional slat had been performed [21] ; however, the analysis was not available for the assessment, and the experiment did not have landing gear on the model. Therefore, the ranking of the slat and landing gear sources was based on judgment primarily from experience with conventional configurations. The processes described in this section were keys to this study and will be used in Section IV. They will also be factors in the uncertainty quantification for the HWB-2009. The final result for HWB-2009 was reported as a cumulative noise reduction of 42.4 EPNL dB below the Stage 4 limit.
B. HWB-2013 Noise Assessment Process
For the intermediate HWB-2013 study, Figure 6 schematically shows the overview of the noise assessment process used. It is noted that the HWB-2013 noise result has not been reported previously. The noise assessment calculation was transitioned and was performed using the NASA multi-fidelity aeroacoustic framework known as the second generation Aircraft Noise Prediction Program (ANOPP2) [22] . The ANOPP2 framework allows a user to develop acoustic analyses and more easily couple results from these analyses with prediction methods and other data into a unified process. For ERA, analysis capabilities were developed to apply flight effects to the input measured source noise (which includes PAA effects), combine those measurements with legacy ANOPP predictions of other sources, propagate to the far field, and compute noise metrics.
As previously discussed, the HWB-2013 was the first full N+2 HWB model in ERA also using the GTF-like engines. Without experimental data for GTF-like specific engine noise sources at the time, this assessment relied on the best available legacy ANOPP prediction methods. These methods are semiempirical, and were not, in general, developed for GTF-like design parameters, particularly for the fan noise and core noise components. This was also true for the rank ordering of the engine noise sources for a geared design and for the much higher bypass ratios as compared to the prior experience base. For the fan noise source, the best method was the Kresja [23] model within the ANOPP-HDNFAN (Heidmann) prediction model. For the core noise, the GECOR method was used. No additional rank ordering of the engine sources was possible.
The airframe of the HWB-2013 now included a Krueger flap for the leading edge device as well as the six wheel, 777-like main landing gear. Both the prediction of the Krueger source as well as the rank ordering was a new challenge. The Krueger source noise was predicted using the BoeingSlat method developed for conventional slat leading edges with an estimated difference to account for the design and noise sources unique to the Krueger. The method for an estimated prediction of the Krueger source noise and for ranking the Krueger and main landing gear sources followed the experience provided by Yueping Guo [5, 6, 21, and 24] .
For the key PAA effects, the same database from the LSAF experiment [4] was used again with the same engine installation location at 2 fan nozzle exit diameters (D) upstream of the HWB trailing edge. This was a temporary disconnect between the noise assessment of the HWB-2013 and the recently completed analysis by Boeing [5] that had established the engine installation at 0.94D (later at 1D) upstream of the trailing edge to better balance the goal of noise reduction with the aerodynamic challenges of installing the engine upstream of the trailing edge in the high Mach number region at cruise condition. Also of note is the fact that PAA datasets with several improved, higher fidelity features from LSAF [25] and from the N2A experiment in the 14-by 22-Foot Subsonic Tunnel [26 and 27] had been acquired but were not available to be included yet.
The final result of the HWB-2013 assessment was a cumulative noise margin of 49.2 EPNL dB below the Stage 4 limit.
C. HWB-2016 Noise Assessment Process
The ERA noise assessment results were reported [10] in January, 2016, and also include a detailed description of the process used. The assessment reported here for the HWB-2016 includes several updates to both vehicle modeling as well as the noise assessment process as compared to that reported in [10] . The differences in vehicle modeling were primarily the result of incorporating the latest aerodynamic test results [19 and 20] that impacted the approach speed and the sealing of the Krueger flap on approach, as were mentioned in the discussion relative to Table 1 .
For the assessment of [10] , the new landing gear prediction method, Guo-LG [28] , had been incorporated. For the HWB-2016 reported in this study, Guo- LG was also used. In addition the new GuoKrueger method [29] now replaced the prior method of estimating the Krueger flap source noise with the Boeing-Slat method. Based on the new improved landing gear and Krueger flap methods, Guo-LG and Guo-Krueger, the predicted absolute levels are considered accurate based on the validation performed, and, therefore, no separate rank ordering process is expected to be necessary. It is also noted that the new methods require more definition of both the landing gear and Krueger flap components.
The PAA effects were predicted in the same way as detailed in [10] , using the best combination of data from both the LSAF series of experiments and the 14 by 22 N2A HWB experiment.
Compared to the engine rank ordering used in [10] , an additional adjustment of engine source ranking was performed. These numerous changes had many offsetting impacts yielding the final cumulative noise of 40.2 EPNL dB reduction for the HWB-2016. However, while the cumulative result is nearly identical to the 40.3 EPNL dB reduction reported in [10] it is important to note that the predictions at the three certification points, as well as the component levels, show more substantial impacts. Table 4 summarizes the Stage 3 certification limits for each aircraft of the three studies. Consistent with the decreasing takeoff gross weight (TOGW) listed in Table 1 for each vehicle, the Stage 3 certification limits are shown. The predicted values at each certification point are summarized in Table 5 together with the Stage 4 limit (Stage 3 minus 10 dB) and the margin below Stage 4. To this point in the paper, the numerous changes in vehicle design for each study, technology level, prediction methods, experimental data, and other information have been listed, all of which influence the final results in Table 5 . Of course, many of these factors can produce offsetting impacts at the aircraft system level.
D. Summary of Noise Assessment Results
The predictions of the approach certification point change the most, as seen in Table 5 , likely the result of several significant factors. One factor is that the approach velocity increases from the very low 115 knots for the HWB-2009 to more realistic and higher speeds in the subsequent studies ( Table 1 ). The airframe technology changes from a conventional slat leading edge to a Krueger flap. The airframe component prediction methods were also changed completely. And finally, the noise reduction for main the landing gear component was changed from about 5 EPNL dB to about 2 EPNL dB.
Sideline and cutback certification points are heavily influenced by engine technology, and the progression from the HWB-2009 with a GE90-like engine to the ultra high bypass ratio GTF-like engines of the HWB-2013 and HWB-2016 studies would be expected to produce very large changes. However, aircraft system noise is influenced by many other design parameters, technologies, and operational impacts. Most notably, based on improved aerodynamic design, the engine was moved closer to the trailing edge after the HWB-2009 study.
The values reported in Table 5 represent the best, single value or deterministic prediction based on the prediction method described up to this point in the paper. 
IV. Aircraft System Noise Uncertainty Quantification

A. Framework
In 2012, the NASA acoustics team reported a comprehensive assessment of the state of NASA prediction capabilities [30] representing a detailed documentation of a range of capabilities from empirical, semi-empirical, analytical, to high fidelity computational. However, [30] represents the status of NASA capabilities circa 2010 and does not capture the progress since that time, particularly during the ERA project. In addition, [30] includes uncertainty quantification of many experimental results and predictive methods for a range of aircraft noise components, but the uncertainty for the PAA effects and system noise was not comprehensively treated. For aircraft system noise prediction, a logical study was included of sensitivity to a limited range of key aircraft design and operation parameters. Therefore, an uncertainty quantification process for aircraft system noise prediction has been of particular need. This is all the more relevant because of the many advanced aircraft concept studies that have been performed in recent years, many of which report the possibility of very large noise reductions. Therefore, this paper will document the uncertainty quantification process for aircraft system noise prediction developed during ERA and compute the results for the three HWB studies in order to track the progress in reducing uncertainty for the HWB aircraft concept studied during ERA. From the 2009 to the 2016 noise assessments, the ERA team has been consistently focused on the N+2 goal, representing an opportunity to compute uncertainty on a consistent basis. Specifically, the same uncertainty quantification process will be used for the three vehicles and noise assessment processes as they were computed in 2009, 2013, and 2016, respectively.
The framework of this aircraft system noise assessment uncertainty quantification process is established by several key objectives. First, this process will quantify the uncertainty of the system noise prediction but will not establish the uncertainty of the vehicle and engine design, state, or operational parameters. As such, this process does not quantify the sensitivity to any of the design, state, or operational parameters. The vehicle and engine design, state, and operational parameters are fixed as were provided by the system analysis teams to the system noise assessment team. Second, the total uncertainty will include the uncertainties from the modeling of individual elements and the overall system noise prediction process. Third, consistent with the objective of aircraft system noise, the uncertainty will be that of integrated technologies at the full scale, full fidelity aircraft level to the extent possible. However, in general, this does not include the impact of design refinement or of additional technology maturation. Therefore, the result does not represent an upper limit on the noise reduction potential of a particular aircraft concept and technology set.
B. Overall Uncertainty Quantification Process
Given the framework objectives above, the process begins by establishing an uncertainty for each prediction element within the aircraft system noise process. Based on the uncertainty, random probability distributions for each element are established. The system noise prediction computed in a direct Monte Carlo process for 10,000 simulations, and statistics are calculated for the predictions of the three certification points and the cumulative noise margin. The full prediction process is used for each simulation (no surrogate models are used). The uncertainties of the system level predictions are established at a 95% confidence level. The implementation and interpretation of this process follow the discussion and related examples from [30 and 31] .
Prediction elements necessary for the total HWB aircraft prediction include those for the noise sources, noise reduction technologies, and the PAA interactions. The noise sources include fan, jet, core, main and nose landing gear, Krueger flap leading edge, and trailing edge. (Note: HWB aircraft do not have trailing edge high lift flaps and hence prediction of flap-side-edge (shown in Figs. 5-7) is not performed.) Noise reduction technologies include the duct acoustic liner, soft vane acoustic liner applied to the stators, and a partial main landing gear fairing. The PAA interactions include primarily the acoustic scattering effects from shielding and reflection.
For each prediction element, the uncertainty for the prediction is established at a 95% confidence level. This uncertainty is established through one of four methods. Practically, the uncertainty established must reflect that there is a 95% probability that the next prediction at a spectral level (at any of the angles and frequencies required for the system noise) will be within ±2 standard deviations of a true value. In general, this is a difficult challenge for prediction methods. The four approaches are:
• Formulation method (with verification by reference data comparison)
• Reference data prediction test method • Fixed by aircraft level information method or • Inferred method.
The first method, formulation, involves establishing uncertainty of each modeling parameter or formulation within the prediction method followed by propagating these modeling uncertainties by direct Monte Carlo simulation to the element (component) level. The uncertainty quantities are then checked for consistency with the results of comparisons of the prediction results with relevant datasets. An example of the formulation method is found in [28] . The second method, reference data prediction test, involves the selection of a reference dataset and establishing the uncertainty of the prediction method based on the performance of the prediction method with the reference dataset. The third is a special situation where certification aircraft noise data, aircraft flight test data or other information is used to calibrate or fix the value of a prediction. In general, this is obviously not available for advanced concepts, but it is used in the HWB-2009 study for the engine sources only due to the framework of that study. The final method is the result of the fact that experimental data are used in several cases in a data-to-prediction process; that is the data are used as a prediction method. The uncertainty of this prediction at the aircraft level from a limited amount of experimental or computational data taken on a model system (that may have differences with the aircraft concept that it is applied to) has to be inferred based on knowledge of the experimental design, measurement uncertainty, and experience in developing semi-empirical predictions based on datasets.
For the second method, a hierarchy for the fidelity of reference datasets is established. From this hierarchy, the highest value reference datasets are chosen for each prediction element based on experience. The highest value reference datasets are those at full scale, full fidelity aircraft integrated level in flight commensurate with the aircraft system noise prediction objective. The hierarchy of reference datasets can be described as follows from highest to lowest fidelity:
• Full-scale, full-fidelity aircraft flight data, • Model scale, higher fidelity integrated system experimental data, • Model scale, high fidelity integrated sub-system experimental data, • Isolated component experimental data.
Using one of the four element uncertainty approaches the standard deviation of uncertainty of each prediction element is determined. In general, the 95% confidence level is then established, represented by a normal distribution with a cut-off at ±2σ (standard deviations), except where noted. The cut-off prevents the very lowest probability occurrences.
All prediction element uncertainties are propagated to the aircraft system level by the direct Monte Carlo method with 10,000 simulations.
C. Prediction Element Uncertainties
For each of the three noise assessments and for each of the prediction elements, the element uncertainties are established in as consistent a manner as possible. Table 6 lists the prediction element uncertainties in terms of the standard deviation used for the HWB-2009 study including the implementation of the probability distribution. For example, this means that for a 95% confidence, the prediction of the PAA effect on jet noise (including pylon, chevron effect and shielding) is within ±2σ or ±2dB at any frequency and angle of the true (and unknown) value. It is important to note that while noise reduction from a shielded configuration may be the dominant effect there may be angles and frequencies where there can be noise increases due to the reflections from vertical control surfaces or from the high frequency effect that can occur with aggressively immersed chevrons.
In general, normal distributions are applied on all noise prediction elements. However, in the case where experimental data are used as a prediction method for noise reduction effects or technologies, a onesided normal distribution is implemented as a simplified type of skewed probability distribution. The distribution is normal, however, it is randomly sampled only allowing for less noise reduction. This feature is implemented to reflect the likely possibility that less noise reduction will occur upon full-scale, fullfidelity application when based on model-scale experiments where all the features of the full-scale design are not captured, experimental conditions are not exactly matching those for the full aircraft prediction, or the flight effects are not fully simulated. Typically, further development is required for the noise reduction technology to be fine-tuned for the specific application or to produce improved noise reduction levels. Notable in Table 6 are the low standard deviations assigned to the engine sources: Fan Inlet, Fan Aft, Jet, and Core. This is the direct result of the process described earlier where the GE90 information was used to fix the levels and rank ordering of the engine noise sources. The standard deviation of 0.5 dB is, therefore, the result of a limit reflecting the experimental uncertainty of flight test data for a specific repeatable condition. There is no uncertainty assigned to the acoustic duct liner because that prediction is applied to the fan source noise before it is fixed by the GE90 information.
For all the PAA effects, the data of [4] were used in a data-to-prediction method for the HWB-2009 study as described in [3] . The experimental repeatability reported was very good at ±0.25 dB for spectra at all angles and frequencies. However, for a system noise prediction, the data are used in a prediction even though there is not an exact match of all configuration features between model scale experiment and the full aircraft concept or even though all angles or conditions are not available from the experiment for the full aircraft flight path. As a result, the predictive uncertainty is not reflected by the experimental repeatability and, in general, will be larger. Ideally, according to the hierarchy, there would exist full-scale, full-fidelity flight test experimental data to measure the uncertainty of the data-to-prediction method or, in principle, any other prediction method applied for PAA effects. Of course, in general, that information will not exist for an advanced aircraft concept. In a companion publication, Burley et al. [32] reports a process to establish the uncertainty of PAA effects prediction and establishes the uncertainty values that are reported in Tables 6-8 .
The most notable changes in element uncertainties for the HWB-2013 study are reflected in the engine source uncertainties shown in Table 7 . These uncertainties are now much larger because this is now a true prediction for all the engine sources. The Kresja model is used for the fan source noise and is a robust semiempirical and well-documented fan noise prediction method [23] . However, in this case it is being used to predict fan noise of a design space (fan pressure ratio, rotor-stator spacing, blade design, etc.) that was not available in the development of the model. Table 8 lists the element uncertainties for the final HWB-2016 study. Notable changes reflect that experimental data [33] is now used in a data-to-prediction process for the ultra high bypass ratio, geared fan noise in a process described in [10] . The PAA effects are predicted from a combination of the most relevant datasets from [25] [26] [27] and use the same uncertainty values from the process of [32] . New methods for the prediction of landing gear and Krueger flap noise were implemented and the uncertainty method was changed to a formulation process for both sources. The uncertainty determined for the prediction of main landing gear source noise was verified by the extensive validation reported in [28] including the full-scale, full-fidelity flight cases. The same formulation type uncertainty determination performed for landing gear in [28] was also applied to the nose gear and the Krueger flap sources to determine the values in Table 8 . Separately, the uncertainty of the noise reduction partial main landing gear fairing is influenced by the continuation, at higher resolution, of the computational work reported in [34] . The uncertainty of the duct liner treatment, in this case with MDOF technology, is based on the inferred method and is influenced by a number of sources [30, [35] [36] [37] and is complicated by the absence of full-scale, full-fidelity engine data or flight data where the duct liner impact is clearly separable. Table 5 ). Therefore, for each of the three studies, there are 10,000 predictions each for the approach, flyover, and lateral points and, as a result, a total of 10,000 simulations predicting cumulative noise margin below the Stage 4 limit. Statistics can be computed at each of the three certification points for each aircraft noise component, total airframe noise level, total engine level with PAA effects, and total aircraft level. To make the presentation tractable and to reach the most important conclusion relative to the purpose of this paper, the presentation of statistics will be abbreviated. Figure 8 shows the cumulative noise for the HWB-2009 study as a function of the 10,000 simulations. Notably, the mean of the probabilistic prediction is not the same as that of the deterministic prediction from Table 5 . This difference is due primarily to the several one-sided uncertainties at the element level. As will be quantified later, it is also in large part attributable to the approach point and the prediction of the main gear source noise. Due to a lack of knowledge at the time of the HWB-2009 study, the local velocity was not properly predicted amounting to approximately a 5 dB lower noise predicted at the component level [5, 6] . This correction has been included in this uncertainty quantification as a bias offset in the main landing gear prediction. As such, it impacts the probabilistic mean with the effect of reducing the amount of noise reduction and reducing the margin to the Stage 4 limit. Figure 8 also provides the accumulated standard deviation for the cumulative noise and two measures of the distribution of the cumulative noise histogram, skewness and kurtosis. A skewness ratio of 0 and a kurtosis of 3 would correspond to a perfectly Gaussian distribution for the cumulative noise predictions. As can be seen by the plots, both the skewness and the kurtosis are offset somewhat and are likely a result, again, of the number of one-sided element distributions that have been used. As is expected, the statistics require about 3000-5000 simulations before approaching the final value. The standard deviation of the distribution of the cumulative noise simulations initially is above 1.4 dB before finally approaching the final value of 1.27. Figure 9 plots the same values now for the HWB-2013 system noise prediction. Similar observations can be made for the skewness and kurtosis values. However, the offset between the probabilistic mean and the deterministic cumulative values is much smaller. In this case, the rank ordering of the sources partially offsets the impact of the one-sided uncertainties for the PAA effects and noise reduction technologies. Notably, the scatter of the cumulative values and the associated standard deviation are much higher as compared to the HWB-2009, as expected because the HWB-2013 was the first true N+2 prediction without the benefit of engine noise calibration or ranking information. The final value for the standard deviation is now 3.06 dB.
The same presentation for the HWB-2016 predictions is made in Figure 10 . The standard deviation approaches the final value of 2.42 dB with distributions that are close to normal as measured by the skewness and kurtosis values reflecting, again, some impact of the several one sided element uncertainties that continue to be prominent contributors to the system noise prediction results. Table 9 presents a summary of these statistics for the probabilistic mean cumulative values in addition to the probabilistic mean values calculated for each of the three certification points. The standard deviation of the HWB-2009 is quite low due to the framework of the study. The HWB-2013 standard deviation is much higher reflecting that it is the first true N+2 prediction without benefit of any aircraft level calibration. And finally, the standard deviation for the HWB-2016 study shows reduction due to the many improvements during the final three years of ERA. An additional step is made to establish the total uncertainty band, at the 95% confidence level, based on the statistics of the Monte Carlo simulation. This step follows examples from [30 and 31] with the 95% confidence level at twice the standard deviation of the cumulative noise distribution. The offset between the deterministic and probabilistic cumulative noise predictions reflects the probable weighting toward a louder aircraft from implementation at the full-scale, full-fidelity aircraft of the technology "in hand" without further refinement. This offset shifts the uncertainty band toward a lower margin (louder) relative to the Stage 4 limit. Table 10 summarizes the implementation of this reasoning. The deterministic prediction is still considered the single, best system noise prediction because it uses the actual data available for the noise reduction technologies included. Therefore, based on the probabilistic results, the uncertainty band is assigned to the single best, deterministic, prediction as shown in Table 10 including the offset.
Specifically interpreting the results in Table 10 would mean, using the HWB-2016 as the example, the single, best prediction of the cumulative system noise would be 40.2 EPNL dB with a 95% probability that the next prediction would fall within the range of +2.7 dB to − 6.9 dB around 40.2 EPNL dB. The highest probabilities would cluster closer to the probabilistic mean of 38.1 EPNL dB including the deterministic value of 40.2 EPNL dB.
If further refinement of the noise reduction technology is accomplished to apply the technology to the full-scale, full-fidelity aircraft that is being predicted, then the one-sided normal distributions (Tables 6-8) would be changed to normal distributions, the offset between the deterministic and probabilistic mean values would diminish, and the 95% confidence band would become symmetrical. 
E. Context for the Uncertainty Quantification
As a measure of progress in reducing the uncertainty of the deterministic predictions of HWB system noise during ERA, the reduction of the 95% confidence band from the HWB-2013 to that of the HWB-2016 is most logical because the vehicle design and technology level were on the most similar basis. As a result, a reduction from a total uncertainty band of 12.2 to 9.6 EPNL dB was achieved. For context, the lower limit that could be achievable for the prediction uncertainty band is proposed as similar to the normal distribution of flight test measurements that would be acquired if the predicted HWB aircraft were built and flight tested. The cumulative noise is the sum of three independent measurements. Assuming a normal distribution of flight test noise measurements that are repeated at the same conditions to the extent possible, a standard deviation of 0.5 dB is deemed reasonable based on a variety of flight test measurement experiences as examples [38] [39] [40] [41] . This corresponds to a 95% probability that the next measurement of a repeat flight test at one of the three certification conditions will fall within a band of ±1.0 dB. If each of the three certification conditions has a standard deviation of 0.5 dB then, for the sum of three independent normally distributed experiments the cumulative noise measurement will have a standard deviation of 0.9 dB (rounded up). This would then correspond to a 95% confidence band of ±1.8 dB for cumulative noise of an aircraft or a total band of 3.6 EPNL dB. This is proposed as the lower limit or target for the reduction of uncertainty on the prediction of the system noise of an advanced aircraft at the conceptual design level.
An important note should be made in regard to progress over the full length of ERA. The HWB-2009 study is not included in Table 11 due to the special purpose of that study, as has been described, and the resulting lower level of uncertainty. If the experiments of [4] had not been available at the very beginning of ERA and the vehicle and engine definition had been sufficient for an assessment in 2009, then, undoubtedly the 95% confidence band on that study would have been considerably larger than the 12.2 EPNL dB of the HWB-2013 study due to the very high uncertainty of PAA predicted effects and PAA noise reduction technology. Therefore, the full progress over the full length of ERA should reflect this much larger progress even though it cannot be numerically demonstrated without another study to reflect the PAA effect prediction uncertainty prior to 2009 and the experiments of [4] . The discussion immediately above has to do with the uncertainty of the system noise prediction of cumulative noise for an advanced aircraft at the conceptual level of design, in this case an aircraft with a 2025 target for entry-into-service. Additional context to the calculated uncertainty for an advanced aircraft can be made with the example of the prediction of an existing aircraft, a 777-200 with GE85B engines. Prior to ERA, many of the source noise methods in ANOPP have been developed largely based on databases that are of technologies similar to those on this aircraft. Recent modeling improvements for landing gear prediction and for the explicit prediction of the PAA effects (reflection of aft engine noise sources from the wing) increase the fidelity of a prediction for this aircraft configuration. Certification data exist for this aircraft and represent a measure of the accuracy of the prediction at the full-scale, full-fidelity aircraft level for each certification point and for the cumulative noise, as shown in Table 12 . In this example, it is important to note that the prediction is performed without any use of the certification data or any additional data (engine source ranking such as used in the HWB-2009 prediction) to calibrate the ANOPP prediction. As can be seen from Table 12 , the results are very good with the largest difference of 1.4 EPNL dB at the lateral point and a difference in cumulative noise of 3.3 EPNL dB, a value that is consistent with the target listed in Table 11 . 
V. Conclusions
System noise prediction for advanced aircraft concepts presents unique challenges. For the ERA project, a deterministic aircraft system noise prediction process was developed to enable the high fidelity system noise assessment of advanced aircraft concepts including, most notably, the challenge of unconventional configurations. The process developed is very detailed including design features and details not typically included at the conceptual level. The process builds upon the best system noise methods available to NASA for each element of the prediction together with extensive databases for PAA effects, ultra high bypass ratio fan source noise, and several noise reduction technologies. New prediction element methods, specifically for the airframe components of landing gear and Krueger flap were added.
In addition, a probabilistic uncertainty quantification process for aircraft system noise prediction has been developed using a direct Monte Carlo simulation. The uncertainty applies only to the noise prediction and not to the models of the aircraft design or flight path. The uncertainty quantification process includes a recommended approach to establishing the uncertainties of each prediction element. The uncertainty of each prediction element is determined, wherever possible, by testing prediction methods against reference datasets that have been selected based on a hierarchy of fidelity and integrated system complexity.
The uncertainty quantification process is applied to the system noise predictions of NASA advanced HWB aircraft subsonic transport concepts performed at three specific points in time from 2009 to 2016. As a measure of progress in reducing the uncertainty of HWB aircraft system noise, on the most consistent basis, a reduction from a total uncertainty band of 12.2 to 9.6 EPNL dB was achieved from 2013 to 2016. The true measure of progress in reducing prediction uncertainty over the full length the ERA project, from 2009 to 2016, however, cannot be calculated without an additional study using the very limited information that was available prior to 2009. If this additional study were to be done, given the lack of PAA effect prediction methods or data that existed prior to 2009, the result would show a much larger uncertainty as compared to the uncertainty band of 12.2 EPNL dB reported in the HWB-2013 study. Without a quantitative study, it is estimated that this pre-2009 uncertainty band would be approximately 16 EPNL dB based on insight into the pre-2009 PAA information and study results. With this estimate as the starting point, then the progress over the course of ERA reduced the system noise prediction uncertainty band by half. And finally, the lower limit for the uncertainty band on cumulative noise prediction is proposed as 3.6 EPNL dB and is a target.
The system noise uncertainty quantification process developed here provides a consistent method for providing a best available, rigorous noise assessment of advanced aircraft concepts together with a quantified uncertainty on the prediction. As the aircraft concept, experimental data, and the noise assessment process itself develop in the future, progress in reducing the uncertainty can be tracked toward the goal. In addition, the insight developed by the technology and system noise prediction experts that have the most in-depth knowledge together with the whole prediction and uncertainty results can also provide the most effective technical strategy to increase noise reduction together with reduced uncertainty.
